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Cross Reference To Related Applications 

[0001] The present application claims priority to U.S. Provisional Application No. 60/544,479, 
filed February 13, 2004, entitled "Multiple-Input Electronic Ballast With Processor" which is hereby 
incorporated by reference in its entirety. 

Field Of The Invention 

[0002] The present invention generally relates to electronic ballasts, and more particularly to 
ballasts having processors therein for controlling a gas discharge lamp in response to a plurality of 
inputs. 

Background 

[0003] A conventional ballast control system, such as a system conforming to the Digital 
Addressable Lighting Interface (DALI) standard as defined in the International Electrotechnical 
Commission Document, IEC 60929, includes a hardware controller for controlling the ballasts in the 
system. Typically, the controller is coupled to the ballasts in the system via a single digital serial 
interface, wherein data is transferred in accordance with DALI protocol. A disadvantage of this 
single interface is that the bandwidth of the interface limits the amount of message traffic that can 
reasonably flow between the controller and the ballasts. This can also create delays in response 



Page 1 of 34 



LUTR-024 1/03 -055 P2 Patent Application 

times to commands. Further, a typical DALI compatible ballast control system is limited to 64 
ballasts on a communication link. This also creates a disadvantage in that additional controllers are 
required to accommodate systems having more than 64 ballasts. Yet another disadvantage of a 
ballast control system having a single controller is that the controller is a single point failure. 

[0004] That is, if the controller fails, the entire system is down. This is especially burdensome in 
lighting systems installed at remote locations. 

[0005] Typically, these systems are configured in a polled configuration requiring a ballast to first 
receive a transmission from the controller before the ballast can transmit. This can cause response 
time delays, especially in large systems. Also, these systems do not allow ballasts to be addressed 
by devices other than the DALI compatible interface, thus limiting the flexibility and size of the 
control system. 

[0006] Further, many conventional ballast control systems, such as non-DALI systems, do not 
allow separate control of individual ballasts or groups of ballasts within the system. Systems that do 
provide this ability typically require separate control lines for each zone, a dedicated computer, and 
complicated software to carry out the initial set-up or future rezoning of the system. 

[0007] Many conventional ballasts include significant analog circuitry to receive and interpret 
control inputs, to manage the operation of the power circuit and to detect and respond to fault 
conditions. This analog circuitry requires a large number of parts which increases cost and reduces 
reliability. In addition, the individual functions performed by this circuitry are often interdependent. 
This interdependence makes the circuits difficult to design, analyze, modify and test. This further 
increases the development cost for each ballast design. 

[0008] These prior art systems lack a simple solution or device for controlling the ballasts and 
lamps. Thus, an electronic ballast circuit that contains fewer parts to reduce cost and increase 
reliability, provides flexibility and growth, and does not require a controller dedicated to controlling 
an entire system is desired. 

Summary Of The Invention 

[0009] A multiple-input ballast having a processor for controlling a gas discharge lamp in 
accordance with the present invention includes a processor, such as a microprocessor or digital 
signal processor (DSP), for receiving multiple inputs and controlling a discharge lamp in response to 
the inputs. The lamps include compact and conventional gas discharge lamps. The multiple 
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processor input terminals are all active concurrently. The ballast processor uses these inputs, along 
with feedback signals indicating internal ballast conditions, to determine the desired intensity level 
of the lamp. Input signals provided to the processor include analog voltage level signals (such as the 
conventional 0-10 V analog signal for example), though it is understood that other voltage ranges or 
an electrical current signal could be used as well, digital communications signals including but not 
limited to those conforming to the Digital Addressable Lighting Interface (DALI) standard, phase 
control signals, infrared sensor signals, optical sensor signals, temperature sensor signals, sense 
signals derived from wired and/or wireless external devices, and sense signals providing information 
pertaining to electrical parameters such as current and voltage of the AC power supply (e.g., line) 
and the lamp. The ballast can also receive commands from other ballasts or a master control on a 
digital communication link, such as a DALI protocol link. This communication link is preferably 
bi-directional, allowing for the ballast to send commands, information regarding the ballast's 
settings, and diagnostic feedback to other devices on the communication link. The multiple-input 
ballast does not need an external, dedicated controller to control the lamp. A system of multiple- 
input ballasts can be configured as a distributed system, not needing a controller, and thus not 
creating a single point failure as in controller centric systems. However, a system of multiple-input 
ballasts can be configured to include a controller if desired. Each ballast processor contains 
memory. The processor memory is used, among other things, to store and retrieve set point 
algorithms, or procedures, for controlling the lamps in accordance with priorities and sequence of 
commands received via the ballast input signals. 

[0010] The multiple-input ballast comprises an inverter circuit that drives one or more output 
switches, such as field effect transistors (FETs), that control the amount of current delivered to the 
load (lamp). The ballast processor controls the intensity of the lighting load by directly controlling 
the switch(es) in the inverter circuit. 

Brief Description Of The Drawings 

[0011] The features and advantages of the present invention will be best understood when 
considering the following description in conjunction with the accompanying drawings, it being 
understood, however, that the invention is not limited to the specific methods and instrumentality 
disclosed. In the drawings: 
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[0012] Figure 1 is a block diagram of a multiple-input ballast having a processor in accordance 
with an exemplary embodiment of the present invention; 

[0013] Figure 2 is a block diagram showing various exemplary signals provided to the processor 
via processor terminals in accordance with an exemplary embodiment of the present invention; 

[0014] Figure 3 A is a simplified schematic of the inverter circuit coupled to the processor in 
accordance with an exemplary embodiment of the present invention; 

[0015] Figure 3B is a simplified schematic of the inverter circuit coupled to the processor in 
accordance with an alternative exemplary embodiment of the present invention; 

[0016] Figure 4 is a diagram depicting various processor controlled ballast states in accordance 
with an exemplary embodiment of the present invention; 

[0017] Figure 5 is a diagram of a distributed ballast system in accordance with an exemplary 
embodiment of the present invention; 

[0018] Figure 6 is a flow diagram of a process for controlling a gas discharge lamp with a 
processor controlled ballast utilizing selected set point algorithms in accordance with an exemplary 
embodiment of the present invention; 

[0019] Figure 7 is a diagram of a processor controlled ballast system configured for a two room 
application in accordance with an exemplary embodiment of the present invention; and 

[0020] Figure 8 is a flow diagram of a set point procedure in accordance with an exemplary 
embodiment of the present invention. 

[0021] Figure 9 is a timing diagram for an analog to digital sampling method in accordance with 
an exemplary embodiment of the present invention. 

[0022] Figures 10A and 10B are a flow diagram of a process for controlling input sampling in 
accordance with an exemplary embodiment of the present invention. 

Detailed Description Of Illustrative Embodiments 

[0023] Figure 1 is a block diagram of a multiple-input ballast 12 having a processor 30 in 
accordance with an exemplary embodiment of the present invention. As shown in Figure 1, ballast 
12 comprises rectifying circuit 14, valley fill circuit 16, inverter circuit 18, output circuit 20, cat ear 
circuit 24, optional sense circuits 22, 26, 28, 29, and processor 30. The ballast 12 controls the gas 
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discharge lamp 32 via ballast output signal 52 in accordance with ballast input signals 34 and the 
various sense signals 38, 42, 46, 47. Although depicted as a single lamp 32 in Figure 1, the ballast 
12 is also capable of controlling a plurality of lamps. To better understand the ballast 12, an 
overview of the ballast 12 is provided below with reference to Figure 1. A more detailed description 
of portions of the ballast is provided in published patent application, Pub. No. US 2003/0107332, 
Patent Application No. 10/006,036, filed December 5, 2001, entitled "Single Switch Electronic 
Dimming Ballast", assigned to the assignee of the present application, and published patent 
application, Pub. No. US 2003/0001516, Patent Application No. 09/887,848, filed June 22, 2001, 
entitled "Electronic Ballast", also assigned to the assignee of the present application, both 
applications hereby incorporated by reference in their entirety as if presented herein. 

[0024J As shown in the exemplary embodiment depicted in Figure 1, the rectifying circuit 14 of 
ballast 12 is capable of being coupled to an AC (alternating current) power supply. Typically the 
AC power supply provides an AC line voltage at a specific line frequency of 50 Hz or 60 Hz, 
although applications of the ballast 12 are not limited thereto. The rectifying circuit 14 converts the 
AC line voltage to a full wave rectified voltage signal 54. The full wave rectified voltage signal 54 
is provided to the valley fill circuit 16. It is to be understood that whenever a signal is provided, 
connected, coupled, coupled in circuit relation, or connectable to another device, the signal may be 
indirectly coupled, e.g., via wireless means (such as via an IR or RF link), directly connected by a 
wire, or connected through a device such as, but not limited to, a resistor, diode, and/or a 
controllably conductive device, configured in series and/or parallel. It is also to be understood that a 
message (e.g., information embodied in a signal) can be in the form of a digital command, analog 
level, a pwm (pulse width modulated) waveform, or the like. 

[0025] The valley fill circuit 16 selectively charges and discharges an energy storage device to 
create a valley filled voltage signal 56. The valley filled voltage signal 56 is provided to the inverter 
circuit 18. The inverter circuit 18 converts the valley filled voltage signal 56 to a high-frequency 
AC voltage signal 58. As described in more detail below, the inverter circuit 18 performs this 
conversion in accordance with information provided via processor output signal 62. The high- 
frequency AC voltage signal 58 is provided to the output circuit 20. The output circuit 20 filters the 
high-frequency AC voltage signal 58, provides voltage gain, and increases output impedance, 
resulting in ballast output signal 52. The ballast output signal 52 is capable of providing an 
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electrical current (e.g., lamp current) to a load such as a gas discharge lamp 32. The cat ear circuit 
24 is coupled to the full wave rectified voltage signal 54. 

[0026] The cat ear circuit 24 provides auxiliary power to the processor 30 via cat ear signal 50 and 
facilitates shaping of the electrical current waveform drawn from the input power signal 60 provided 
to the valley fill circuit 16 to reduce ballast input current total harmonic distortion. Various sense 
circuits, 22, 26, 28, 29, sense electrical parameters via sense circuit input signals 36, 40, 44, 45, 
respectively, such as current and/or voltage, and provide signals indicative of the sensed parameters 
to the processor 30. Other sense circuits not shown in Figure 1 are applicable, for example a 
temperature sense circuit for sensing the temperature of the ballast 12 and providing a temperature 
sense signal indicative of the ballast temperature to the processor 30. The application of specific 
sense circuits is optional. In one embodiment: (1) sense circuit 22 is a current sense circuit for 
sensing current values from either the input signal 60 or the full wave rectified voltage signal 54 and 
providing sense signal 38 indicative of the sensed current values to the processor 30; (2) sense 
circuit 26 is a voltage sense circuit for sensing voltage values of the valley filled voltage signal 56 
and providing sense signal 42 indicative of the sensed voltage values to the processor 30; and (3) 
sense circuit 28 is a current sense circuit for sensing current values from the ballast output signal 52 
and providing sense signal 46 indicative of the sensed current values to the processor 30; (4) sense 
circuit 29 is a voltage sense circuit for sensing voltage values from the ballast output signal 52 and 
providing sense signal 47 indicative of the sensed voltage values to the processor 30. It is to be 
understood that the specific configuration of sense circuits depicted in Figure 1 and described above 
is exemplary, and ballast 12 is not limited thereto. 

[0027] The processor 30 can comprise any appropriate processor such as a microprocessor, a 
microcontroller, a digital signal processor (DSP), a general purpose processor, an application 
specific integrated circuit (ASIC), a dedicated processor, specialized hardware, general software 
routines, specialized software, or a combination thereof. An exemplary embodiment of a 
microprocessor comprises an electronic circuit, such as a large scale, integrated semiconductor 
integrated circuit capable of executing computations and/or logical algorithms in accordance with 
binary instructions contained in a stored program that resides in either internal or external memory 
devices. The microprocessor can be in the form of a general purpose microprocessor, a 
microcontroller, a DSP (digital signal processor), a microprocessor or state machine that is 
embedded in an ASIC or field programmable device, or other form of fixed or configurable 
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electronic logic and memory. Further, a program can be stored in memory residing within the 
microprocessor, in external memory coupled to the microprocessor, or a combination thereof. The 
program can comprise a sequence of binary words or the like that are recognizable by the 
microprocessor as instructions to perform specific logical operations. 

[0028] In one embodiment, the processor 30 performs functions in response to the status of the 
ballast 12. The status of the ballast 12 refers to the current condition of the ballast 12, including but 
not limited to, on/off condition, running hours, running hours since last lamp change, dim level, 
operating temperature, certain fault conditions including the time for which the fault condition has 
persisted, power level, and failure conditions. The processor 30 comprises memory, including non- 
volatile storage, for storage and access of data and software utilized to control the lamp 32 and 
facilitate operation of the ballast 12. The processor 30 receives ballast input signals 34 and various 
sense signals (e.g., sense signals 38, 42, 46, 47) via respective processor terminals on the processor 
30 (terminals not shown in Figure 1). The processor 30 processes the received signals, and provides 
processor output signal 62 to the inverter circuit 18 for controlling the gas discharge lamp 32. In 
one embodiment, the ballast input signals 34 and the sense signals are always active, thus allowing 
the ballast input signals 34 and the sense signals to be received by the processor 30 in real time. 
The processor 30 can use a combination of present and past values of sense signals and 
computational results to determine the present operating condition of the ballast. However, the 
processor 30 is configurable to allow only selected processor terminals to be active. 

[0029] Figure 2 is a block diagram showing various exemplary signals provided to the processor 
30 via processor terminals in accordance with an exemplary embodiment of the present invention. 
For the sake of clarity, some of the circuitry shown in Figure 1 is represented collectively as other 
ballast circuitry 5 1 in Figure 2. Further for the sake of clarity, only a subset of the processor 
terminals is labeled (34a, 34b, 34c, 34d) corresponding to the ballast input signals 34 shown in 
Figure 1. The ballast input signals 34 can comprise any appropriate signals for controlling the lamp 
32. As shown in Figure 2, exemplary ballast input signals comprise a phase controlled input signal 
coupled to processor terminal 34a, a communications signal coupled to processor terminal 34b, an 
analog voltage signal coupled to processor terminal 34c, and an electrical signal from an infra-red 
(IR) receiver coupled to processor terminal 34d. It is emphasized that the ballast input signals 
shown in Figure 2 are exemplary. Other types and number of ballast input signals are applicable, for 
example, the processor can be coupled to multiple IR signals, multiple analog voltage or current 
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signals, power line carrier signals, and two-state signals including, but not limited to, a contact 
closure signal from an occupancy sensor. 

[0030] The phase control signal can be provided, for example, by a dimmer for dimming the 
output light level of the lamp 32. In an exemplary embodiment, the phase control signal interface 
comprises a 3-wire phase control interface. The communications signal can include, for example, a 
digital communications signal, an analog communications signal, a serial communications signal, a 
parallel communications signal, or a combination thereof. In an exemplary embodiment, the 
communications signal is provided by a bidirectional digital serial data interface. The bidirectional 
interface allows the processor 30 to send and receive messages, such as ballast control information, 
system control information, status requests, and status reports, for example. The analog signal 
processor terminal (e.g., 34c) is capable of receiving an analog signal. This analog signal can be 
derived from any of the sensors described above. Further, the analog terminal can be coupled to 
various sensors or multiple analog terminals may be coupled to combinations of sensors. For 
example, the analog terminal 34c can be coupled to the photosensor 68 for receiving the optical 
sense signal 70, and another analog terminal (not labeled in Figure 2) can be coupled to the 
temperature sensor 64 for receiving the temperature sense signal 66, or combinations thereof. The 
IR terminal (e.g. 34d) can be coupled to an infrared detector for receiving serially encoded 
instructions from an IR hand-held remote transmitter. The ballast 12 may contain means for 
conducting the beam of infrared light transmitted by the hand-held remote transmitter to an infrared 
detector within the ballast, and the infrared detector is coupled to the IR terminal 34d of the 
processor 30. Alternatively, this means can be attached to the ballast, or incorporated into a separate 
module that is connected by wires to the ballast 12. The data pattern represented by the modulation 
of the IR beam is extracted by the infrared detector and provided thereby to the processor 30. The 
processor 30 decodes the pattern to extract the information encoded in the data stream, such as lamp 
light level commands, operating parameters, and address information, for example. 

[0031] The processor 30 is capable of receiving sense signals. Sense signals may comprise any 
appropriate signal for controlling the lamp 32 and/or facilitating operation of the ballast 12. 
Examples of sense signals include sense signals indicative of electrical parameters of the ballast 12 
(e.g., 38, 42, 46, 47), temperature sense signals, such as temperature sense signal 66 provided by 
temperature sensor 64, an optical sense signal 70 provided by photosensor 68, or a combination 
thereof. In an exemplary embodiment, interface circuitry (not shown in Figure 2) is utilized to 
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process signals provided to the processor 30. The interface circuitry may perform functions 
including voltage level shifting, attenuation, filtering, electrical isolation, signal conditioning, 
buffering, or a combination thereof. 

[0032] Figure 3 A is a simplified schematic of the inverter circuit 18 coupled to the processor 30 in 
accordance with an exemplary embodiment of the present invention. The processor 30 receives 
control and sense input signals and provides a processor output signal 62 for controlling controllable 
conductive device 74 (e.g., switch) in the inverter circuit 18 for ultimately controlling at least one 
gas discharge lamp. Exemplary embodiments of controllable conductive device 74 include, but are 
not limited to, power MOSFETs, triacs, bipolar junction transistors, insulated gate bipolar 
transistors, and other electrical devices in which the conductance between two current carrying 
electrodes can be controlled by means of a signal on a third electrode. Electrical power is provided 
to the inverter circuit 18 through the rectifying circuit 14 and valley fill circuit 16. The inverter 
circuit 18 converts the voltage provided by the valley fill circuit 16 into a high frequency AC 
voltage. The inverter circuit 1 8 includes a transformer 76, switch 74, and diode 78. The transformer 
76 comprises at least two windings. For the sake of clarity, the transformer 1 8 is depicted in Figure 
3 A as having three windings 80, 82, 84. The depiction of winding 86 in Figure 3 A is actually a 
magnetizing inductance and not a physical winding (described below). The switch 74 enables the 
conversion of the valley filled voltage signal 56 to a high frequency AC voltage signal 58. The high 
frequency AC voltage signal 58 is provided to the output circuit 20 to drive a lamp current through 
at least one gas discharge lamp. 

[0033] In operation, the processor 30 provides control information via processor output signal 62 
to control the conductive states of the switch 74. With the switch 74 closed (in a conductive state), 
the valley filled voltage signal 56 is provided to the winding 82 of the transformer 76. For the sake 
of clarity, the magnetizing inductance of transformer 76 is shown as a separate winding 86, although 
it is not physically a separate winding. The voltage applied to winding 82 allows current to flow 
through winding 82 resulting in charging of the magnetizing inductance 86. With the switch 74 
closed, the voltage applied to winding 82 is induced in the winding 84 in accordance with the turns 
ratio of the windings 82 and 84. This results in a voltage having a first polarity being provided to 
the output circuit 20. Also, with the switch 74 being closed, a voltage is induced in the winding 80. 
However, the diode 78 is reverse biased during this state due to the winding convention of 
transformer 76 as indicated by the dot convention in Figure 3 A. Switch 74 remains in a conductive 
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state (closed) until the processor 30 via processor output signal 62 commands a change of state of 
the switch 74. 

[0034] In a second state, the switch 74 is commanded to be open (non-conductive) by the 
processor 30 via processor output signal 62. When this occurs, current-flow through the winding 82 
is disabled. However, current-flow through the magnetizing inductance 86 cannot instantly stop 
flowing, rather this current-flow is modified in accordance with the rate of change of the current 
flow through the winding 82 (i.e., V=L dl/dt). This forces the magnetizing inductance 86 to become 
a voltage source driving transformer 76 in a polarity opposite to that which existed when switch 74 
was closed (conductive). During this non-conductive state while switch 74 is open, the polarity 
reversal of the voltage on the winding 82 by the magnetizing inductance 86 drives a like reversal on 
the windings 80 and 84. With this polarity reversal, the winding 84 provides the output circuit 20 
with the high-frequency AC voltage signal 58 having a voltage of opposite polarity as compared to 
the conductive state (switch 74 closed). The polarity reversal of the second state (switch 74 open) 
now drives the winding 80 with a voltage of polarity capable of forward biasing the diode 78. If the 
value of the voltage on the winding 80 is greater than the value of the voltage of the valley filled 
voltage signal 56, then diode 78 is forward biased. With diode 78 forward biased, the voltage on 
winding 80 is limited to the value of the voltage of the valley filled signal 56. The winding 80 
therefore acts as a clamp winding for the transformer 76. The limiting of voltage on winding 80 has 
a corresponding limiting effect on all the windings of transformer 76. The limiting of voltage on the 
winding 82 of transformer 76 has the advantageous effect of losslessly limiting the voltage stress on 
switch 74 during this second state. The limiting of voltage on the winding 84 has the advantageous 
effect of applying a well defined voltage to the output circuit 20 during this second state. The 
inverter circuit 18 returns to the conductive state after completing the non-conductive state, and the 
voltage applied to the output circuit 20 is constrained and defined in both states. 

[0035] An alternative embodiment of the inverter and its connection to the output circuit is shown 
in Figure 3B, where the output of the inverter at common point between the switch 74 and the 
winding 82 is connected directly to a terminal of the inductor 85 which comprises an integral part of 
the output circuit. The charging of the magnetizing inductance 86 when the switch 74 is 
commanded to be closed is the same as described above. Also the clamping action of winding 80 
and diode 78 proceeds in the same manner as described above. 
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[0036] In one embodiment of the invention, the processor 30 directly controls the inverter 18 by 
providing a digital signal that controls the instantaneous on/off state of the inverter switch(es). The 
duty cycle and frequency of this signal are substantially the same as the resulting duty cycle and 
frequency of the inverter. It is to be understood, however, that this does not imply that the 
controlling device directly drives the switch(es) in the inverter. It is common to have a buffer or 
driver between the controlling device and the switches. A purpose of the driver is to provide 
amplification and/or level shifting. In an exemplary embodiment, the driver does not significantly 
alter duty cycle or frequency. 

[0037] When the inverter switch 74 is closed and the magnetizing current begins to linearly 
increase, it is desired to open the switch 74 and interrupt the flow of current therethrough when the 
current reaches a specified threshold level. However, because there are components of current 
through the inverter switch 74 other than the one to be measured, it is not always possible to 
measure the magnetizing current by directly measuring the current through the switch 74. In an 
embodiment of the present invention, the processor 30 modulates the pulse width of the processor 
control signal 62 to control the opening and closing of the inverter switch 74 utilizing a 
computational model of the magnetizing inductance to determine when the desired threshold level is 
obtained. The value of magnetizing current is computed and the estimated time at which the 
computed magnetizing current will reach the threshold value is predicted. The processor 30 receives 
an indication of the instantaneous voltage value of the full wave rectified voltage signal 54 (or 
alternatively the input power signal 60) via sense signal 38. The processor 30 utilizes this 
instantaneous voltage value (or a value proportional to the actual instantaneous voltage value) in 
conjunction with the computational model described above to compute the time at which the current 
through the switch 74 will reach the desired threshold value. 

[0038] In an exemplary embodiment of the invention, this computation is implemented as follows. 
Each time the processor computes a correction term, y(n), in the lamp current control loop, it will 
compute another term in accordance with the equation 
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where PW(n) is proportional to the pulse width or duty ratio of the inverter switch, AT is a scaling 
constant, Vvf is the sampled value of the valley-fill bus voltage, and n is an integer index indicating 
one of many sequential values of y and the associated value of PW. 

The switch 74 is controlled by the processor 30 at a frequency derived from the processor's 30 clock 
oscillator frequency and by a duty ratio as set by the ballast control loop. 

[0039] The processor 30 performs several functions in addition to controlling the inverter switch 
74 to control the output light level of at least one gas discharge lamp. Some of these functions 
include: sampling input signals, filtering input signals, supervising ballast operations and 
facilitating state transitions of the ballast, detecting ballast fault conditions, responding to fault 
conditions, receiving and decoding data provided via the bidirectional communications interface, 
and encoding and transmitting data via the bidirectional communications interface. The processor 
30 also determines lamp current levels in accordance with respective commanded levels on each of 
the ballast input signals provided to the control input terminals, the relative priority of the ballast 
input signals , and sequence of activation of the ballast input signals. 

[0040] Input signals, such as the ballast input signals 34, are sampled and filtered as needed to 
achieve a desired transient response of the ballast control circuitry via a digital filter(s) implemented 
on the processor 30. Each digital filter approximates the performance of analog filters that have 
been demonstrated to provide stable operation of gas discharge lamps over required operating 
conditions. Utilization of digital filters provides the capability to tailor the performance of the 
ballast control loop for different operating conditions and loads. Key filter parameters are controlled 
by numerical coefficients that are stored in memory in the processor 30. These filter coefficients are 
alterable, allowing modification of filter characteristics. For example, in one embodiment the 
analog phase control ballast input signal is sampled to provide a digital signal. This digital signal 
representation of the analog phase control signal is digitally filtered using a second order digital 
filter having performance characteristics similar to analog filters utilized to perform comparable 
functions. 

[0041] In an embodiment of the present invention, the processor 30 receives data from the IR 
signal in the form of a digital bit stream. The bit streams are conditioned by interface circuits and/or 
the processor 30 to have voltage amplitudes and levels that are compatible with the processor's 30 
input requirements. The processor 30 processes data encoded in the IR ballast input signal. The 
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encoded data includes commands such as: turn the lamp on, turn the lamp off, lower the output light 
level of the lamp, and select a preset output light level. Examples of systems employing ballasts 
receiving IR signals are disclosed in U.S. Patent Nos. 5,637,964, 5,987,205, 6,037,721, 6,3 10,440, 
and 6,667,578, the entireties of which are hereby incorporated by reference, and all of which are 
assigned to the assignee of the present application. 

[0042] The processor 30 receives and transmits data via the communications interface in the form 
of digital bit streams, which in an exemplary embodiment conform to the Digital Addressable 
Lighting Interface (DALI) standard. The DALI standard is an industry standard digital interface 
system using a digital 8 bit code to communicate dimming and operational instructions. It is to be 
understood that non-standard extensions of the DALI protocol and/or other serial digital formats can 
be used as well. 

[0043] Figure 4 is a diagram depicting various processor controlled ballast states in accordance 
with an exemplary embodiment of the present invention. Ballast supervisory functions are 
performed by the processor 30 by running a portion of processor resident software referred to as the 
"ballast state machine". The ballast state machine program controls the start-up sequence of heating 
the gas discharge lamp filaments (pre-heat state), increasing the voltage applied to the lamps over a 
programmed interval (ramp state) to strike an arc (strike state). The processor 30 running the ballast 
state machine program determines if the lamp has started via sense signal 46 from the current sense 
circuit 28. After properly striking an arc, the ballast is in the normal run state. During the normal 
run state, the ballast state machine program of processor 30 determines if the lamps and control 
circuits are operating properly or if a fault condition exists via sense signals from the various 
implemented sensors (e.g., sense signals 38, 42, 46, 47). If it is determined that a fault condition 
exists, the ballast state machine program determines an appropriate action dependent upon the type 
of fault. Example fault conditions monitored by the processor 30 include: lamp voltage too high, 
lamp voltage too low, DC component of the lamp current too large, lamp return current too low for 
the applied voltage, supply voltage too high, supply voltage too low, and internal temperature of the 
ballast too high. 

[0044] Figure 5 is a diagram of a distributed ballast system 500 in accordance with an exemplary 
embodiment of the present invention. The system 500 includes at least two ballasts 12 having 
respective processors 30 therein. For the sake of clarity, only ballast #1 is labeled with identification 
numbers. Each ballast 12 and each processor 30 are as described above. The plurality of processors 
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30 are coupled via the communications interface also as described above. In one embodiment of the 
present invention, the communications interface is a serial digital communications link capable of 
transferring data in accordance with the DALI standard. 

[0045] The serial digital communications interface (link) is bi-directional, and an incoming signal 
can comprise a command for a ballast to transmit data via the serial digital communications 
interface about the current state or history of the ballast's operation. The ballast can also use the 
serial digital communications interface to transmit information or commands to other ballasts that 
are connected to that ballast. By utilizing the ballast's ability to initiate commands to other ballasts, 
multiple ballasts can be coupled in a distributed configuration. For example, ballast #1 can receive a 
command from an IR transmitter 33 via ballast #1 's IR interface to turn off all lamps of the system 
500. This command is transmitted to other ballasts in the system 500 via the communications 
interface. In another embodiment the ballasts of the system 500 can be coupled in a master-slave 
configuration, wherein the master ballast receives one or more signals from a central controller or 
from a local control device, and sends a command or commands to other lighting loads to control the 
operation of the other lighting loads, or synchronize the operation of the other lighting loads with 
itself. The master ballast may also send commands and/or information pertaining to its 
configuration to other control devices, such as central controllers or local controllers. For example, 
a master ballast may send a message containing its configuration to other controllers and/or ballasts 
indicating that it reduced its light output power by 50%. The recipients of this message (e.g., slave 
devices, local controllers, central controllers) could independently decide to also reduce their 
respective light output power by 50%. The phrase lighting loads includes ballasts, other controllable 
light sources, and controllable window treatments such as motorized window shades. Ballasts and 
other controllable light sources control the amount of artificial light in a space while controllable 
window treatments control the amount of natural light in a space. The central controller may be a 
dedicated lighting control or may also comprise a building management system, A/V controller, 
HVAC system, peak demand controller and energy controller. 

[0046] In an exemplary embodiment of the system 500, each ballast is assigned a unique address, 
which enables other ballasts and/or a controller to issue commands to specific ballasts. The infrared 
capable terminals on each processor of each ballast can be utilized to receive a numerical address 
which is directly loaded into the ballast, or can serve as a means to "notify" a ballast that it should 
acquire and retain an address that is being received on a digital port. Generally, a port comprises 
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interface hardware that allows an external device to "connect" to the processor. A port can 
comprise, but is not limited to, digital line drivers, opto-electronic couplers, IR 
receivers/transmitters, RF receivers/transmitters. As known in the art, an IR receiver is a device 
capable of receiving infrared radiation (typically in the form of a modulated beam of light), 
detecting the impinging infrared radiation, extracting a signal from the impinging infrared radiation, 
and transmitting that signal to another device. Also, as known in the art, an RF receiver can include 
an electronic device such that when it is exposed to a modulated radio frequency signal of at least a 
certain energy level, it can respond to that received signal by extracting the modulating information 
or signal and transmit it via an electrical connection to another device or circuit. 

[0047] As described above, each of the multiple control inputs of each processor 30 is capable of 
independently controlling operating parameters for the ballast 12 in which the processor 30 is 
contained, and for other ballasts in the system 500. In one embodiment, the processor 30 
implements a software routine, referred to as a set point algorithm, to utilize the information 
received via each of the input terminals, their respective priorities, and the sequence in which the 
commands are received. Various set point algorithms are envisioned. 

[0048] Figure 6 is a flow diagram of a process for controlling a gas discharge lamp with a 
processor controlled ballast utilizing selected set point algorithms in accordance with an exemplary 
embodiment of the present invention. Ballast input signals are received by the processor of the 
ballast at step 612. The received signals are processed in a known manner (e.g., sampled, quantized, 
digitized) at step 614. If a set point procedure (algorithm) has not been previously selected, one is 
selected at step 616. If a set point procedure has been selected, then step 616 directs the process to 
the selected set point procedure. The selected set point procedure is adhered to at step 618 and the 
ballast and lamp are controlled in accordance with the selected set point procedure at step 620. 
Example set point algorithms include: (1) Multiply the commanded levels received via each ballast 
input signal together to obtain the target level (desired lamp light level); (2) Choose the lowest of the 
commanded levels received via the ballast input signals as the target level; (3) Choose the most 
recently changed ballast input signal as having highest priority to set the target level; and (4) Assign 
a specific processor terminal the highest priority, such as signals received via the communications 
interface, and process the remaining inputs in accordance with one of the above described set point 
algorithms. The processor 30 can be programmed with other combinations of priority and sequence. 
In an embodiment of the present invention, multiple set point algorithms are stored in processor 30 
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memory. One of the multiple set point algorithms is selected at the time of manufacture, sale, 
installation, and/or during operation. 

[0049] Figure 7 is a diagram of a processor controlled ballast system 700 configured for a two 
room application in accordance with an exemplary embodiment of the present invention. The 
system 700 depicts two rooms for clarity; however the system 700 is applicable to any number of 
rooms. The system 700 comprises eight ballasts, each ballast comprising a processor. The ballasts 
and the rooms are coupled to each other via communications interface 712. Optional controller 714 
also is coupled to the ballasts via the communications interface 712. As described above, each 
ballast can respond to local commands (command for the specific ballast), global commands 
(commands for all ballasts), group commands (commands for all ballasts in a group), or a 
combination thereof. Each room has a wall dimmer 718 and photosensor 722. Each ballast has an 
infrared detector 720. Individual ballasts are controllable by the IR remote transmitter 716 via the 
IR detector 720. 

[0050] The ballasts and thus the lamps can be controlled by the optional controller, by the 
individual ballast input signals, or a combination thereof. In an exemplary embodiment, each room 
is individually controlled by its respective wall dimmer 718, and when the rooms are coupled 
together, controlled by the optional controller. In another embodiment, the optional controller is 
representative of a building management system coupled to the processor controlled ballast system 
via a DALI compatible communications interface 712 for controlling all rooms in a building. For 
example, the building management system can issue commands related to load shedding and/or 
after-hours scenes. 

[0051] An installation of several ballasts and other lighting loads can be made on a common 
digital link without a dedicated central controller on that link. Any ballast receiving a sensor or 
control input can temporarily become a "master" of the digital bus and issue command(s) which 
control (e.g., synchronize) the states of all of the ballasts and other lighting loads on the link. To 
insure reliable communications, well known data collision detection and re-try techniques can be 
used. 

[0052] Figure 8 is a flow diagram of a set point procedure in accordance with an exemplary 
embodiment of the present invention. As described above, lamps are controlled in accordance with 
selected procedures (referred to as set point algorithms) that incorporate the priorities and sequence 
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of the information on the ballast input signals. At step 812, the processor determines if the 
command indicated by the communications input signal has changed. If the indicated change is 
from lamp on to lamp off, then at step 814, the ballasts go into the sleep state and the lamp is off 
until a change in command is indicated by the IR input signal or the phase control input signal at 
step 816. However, if commands via the IR input signal or the phase control input signal indicate 
the lamp is to be turned off (step 818), this change is ignored at step 820, because at this point, the 
lamp is already off. Returning to step 812, if the indicated command change is from lamp off to 
lamp on, then at step 822, the lamp level is set to the level indicated by the analog input signal times 
the level indicated by the most recent command change indicated by the IR input signal or the phase 
control input signal. 

[0053] In an exemplary scenario, the system 700 is placed in an after hours mode during portions 
of a day (e.g., between 6:00 P.M. and 6:00 A.M.). When in the after hours mode, the processors of 
the ballasts can receive commands via the communications interface to turn the lamps off. 
Subsequently the lamps can be turned on and adjusted with the IR remote transmitter via the IR 
input signal or with the wall dimmer via the phase control input signal even if the command 
provided via the communications signal indicate that the lamps are to be off. The lamps remain at 
the level set by the most recently changed of the phase control or IR input signals until one or the 
other changes, or until the a command issued via the communications signal is other than turn the 
lamps off. 

[0054] In an exemplary operating mode (other than the after hours mode), the most recently 
received command level, via the communications interface, sets the upper limit of the lamp arc 
current. Changes in the communications interface commanded level scale the light level 
accordingly. If the IR input signal has been used to set lamps at different levels, those lamps 
maintain their relative differences as the levels are scaled by the communications interface 
commands. An individual ballast/lamp(s) combination, i.e., fixture, can be dimmed up or down 
with the IR input. A subsequent change in the phase control input signal overrides the IR input 
signal commanded level, and all fixtures in that room go to the level commanded by the phase 
control input signal scaled by the communications signal indicated upper limit and the analog input. 
A photo sensor (e.g., 722) coupled to the analog input signal processor terminal controls the light 
level at the set point of the photo sensor unless the communications interface commanded level in 
combination with the phase control input signal or the IR input signal set the light at a level such 
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that the analog input signal can not bring it up to the photosensor set point. In that case, the analog 
input signal is pegged at its upper limit, and the level is be controlled by the other inputs signals. 

[0055] The multiple-input ballast having a processor therein for controlling a gas discharge lamp 
in accordance with the present invention combines system level control and personal level control 
within the ballast. This enables lamp fixture installations to be designed such that global control and 
local, personal control, of lighting is combined in the ballast. This reduces response latency and 
provides tailored control inputs and increased system design flexibility. The processor of the 
multiple-input ballast utilizes software/firmware routines for setting the lamp arc current level as a 
function of multiple and varying command provided by the multiple input signals. The routines 
determine a commanded set point of the lamp arc current by combining the signals on each of the 
processor terminal inputs. This programmable approach allows for flexibility in designing set point 
algorithms and implemented complexity. This programmable approach also allows for growth to 
include larger sets of set point algorithms. Also, program can be designed to dynamically react to 
faults and to perform built in tests and diagnostic checks. 

[0056] Further, set point algorithms can be altered and/or selected in the field. Different set point 
algorithms may be optimal for different applications. For example, a given control input in one 
application can be used for local or personal control, and the same control input in a different 
application can be used for building-wide or large area control. By means of unique commands on 
one of the inputs, parameters or flags can be set in the processor's memory to select the proper set 
point algorithm. Alternatively, the digital serial interface can be used to load the required program 
for each application. 

[0057] In a typical prior art ballast of the type containing an active power factor correction front 
end, the voltage applied to the inverter circuit is substantially DC. As a result, the control circuit 
that controls the inverter can be relatively slow as it only needs to compensate for variation in 
components and changes in lamp dynamics due to factors such as temperature and age. 

[0058] In an exemplary embodiment of the present invention, the valley fill circuit 16 provides a 
valley filled voltage signal 56 to the inverter circuit 18. It is not uncommon for the valley filled 
voltage signal 56 to have significant AC ripple. To control the inverter 18 the processor 30 varies 
the conduction time of the controllably conductive switch 74 to compensate for the significant ripple 
on the valley filled voltage signal 56. To compensate for the ripple, the processor samples the valley 
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filled voltage signal via the sense circuit 26 sufficiently fast such that the error between the sample 
being used and the actual voltage is relatively small. In an exemplary embodiment, a sampling rate 
of approximately 10kHz is utilized. 

[0059] In one exemplary embodiment of the ballast 12, the processor 30 comprises a single analog 
to digital converter (ADC). An example of such a processor is the PIC 18F 1320 microcontroller 
manufactured by Microchip Technology Inc. of Chandler, AZ. The PIC18F1320 has a built in ADC 
that is used to sample analog inputs. In accordance with known theory, to sample a signal, such as 
the valley filled voltage signal 56 for example, at a 10kHz sample rate, preferably one sample is 
taken every 100 s. In addition to sampling the valley filled bus voltage 56 via the sense circuit 26 
and the sense signal 42, also sampled are various other sense signals (e.g., sense signals 38, 46, 47) 
and the ballast input signals 34. Some of these signals are digital and can be applied to the general 
purpose ports of the PIC18F1320, however several of the signals are analog and utilize an ADC. 
The PIC18F1320 has multiple digital inputs, but only one analog to digital converter that is shared 
by all of the inputs. As a result, only one analog input can be sampled at a time. As known in the 
art, analog to digital converters requires a finite amount of time to sample an analog voltage and 
provide a digital representation of that voltage. The PIC 18F 1320 requires approximately 32 s to 
perform a conversion. At most the PIC 18F 1320 can sample 3 analog inputs in approximately 
100 s. This means that it is not possible to sample all of the desired analog signals within the 
sampling period of 100 s. 

[0060] Figure 9 is a timing diagram depicting alternate sampling of signals in accordance with an 
exemplary embodiment of the present invention. The sampling period of the timing diagram shown 
in Figure 9 is 104 s. As shown, both the lamp current sense signal 46 and the valley filled voltage 
signal 56 via the sense signal 42 are sampled during one sampling period. This leaves one sampling 
point to be shared between the other analog signals. In an exemplary embodiment, this third 
sampling point alternates between sampling the lamp voltage sense signal 47 and the analog ballast 
input signal 34c. In this embodiment, the valley filled voltage signal 56 via the sense signal 42 and 
the lamp current sense signal 46 are sampled at approximately 10kHz and the lamp voltage sense 
signal 47 and the analog input signal 34c are sampled at approximately 5kHz. Of course it would be 
possible to add additional signals into the rotation at the third sampling point. If all of the rotated 
signals appear just once in the rotation, the sampling rate for these signals would be 10kHz divided 
by the number of rotated signals. Of course there is no reason that a rotated signal must appear only 
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once in the rotation. For example, given three signals A, B and C, the rotation could be ABAC such 
that signal A is sampled at twice the rate of signals B or C. 

[0061] In the embodiment shown in Figure 9 the actual sampling period is 104 s. This period is 
sufficient to allow three analog to digital samples per period. In addition, this sampling period is 
convenient for receiving DALI commands since the half-bit period of the DALI protocol is 416 s. 
Sampling the DALI port once per 104 s sampling period gives a total of 4 samples per half-bit and 
thus 8 samples per bit. Multiple samples per bit are advantageous because the DALI communication 
link and the ballast control loop are not synchronized. 

[0062] In an exemplary embodiment, the desired sampling period for the IR ballast input signal 
(e.g., signal 34d) is 572 s. However, 572 s is not an integer multiple of the control loop sampling 
period of 104 s. One approach is to sample the IR ballast input signal alternately every 5 th or 6 th 
pass through the control loop sampling time. This results in an average sampling time of 572 s. 

[0063] Figure 10 A and Figure 10B are a flowchart of an interrupt service routine in accordance 
with an exemplary embodiment of the present invention. A timer in the PIC18F1320 is setup to 
trigger an interrupt every 104 s. When this interrupt occurs, an interrupt service routine is called. 
Figure 10A and Figure 10B show a flowchart for this interrupt service routine. In an exemplary 
embodiment, this service routine controls the sampling shown in Figure 9 and also handles sending 
and receiving DALI bits via the communications signal (port 34b) and the IR signal (port 34d). 

[0064] The entry point for the routine is at step 210. At step 212, the processor fetches and stores 
the last sample from the analog to digital converter (ADC). This sample is a sample of the current 
sense signal 46. After fetching this signal, the processor configures and starts the ADC to read the 
valley filled voltage signal via sense signal 42. As previously described, this sample will not be 
available for approximately 32 s so the processor has time for other tasks. In the next step 2 14, the 
processor updates the lamp current feedback loop using the latest samples of current sense signal 46 
and the valley filled voltage sense signal 42. This control loop is implemented using well known 
digital control methods. In step 216, the processor updates the phase control input filter. This filter 
is implemented as a digital low pass filter. The output of this filter represents the duty cycle of the 
phase control input. The input to the phase control input filter is determined as follows. Every time 
the 104 s interrupt routine reads an ADC value it also reads the state of the phase control input 34a. 
This input will be either a 1 or a 0. The first time this input is sampled during the 104 s interrupt it 
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is given a weight of 47 while the following two samples receive a weight of 40. These weights are 
based on how much time has passed since the port was last read. At the end of a first pass through 
the 104 s interrupt, the sum of these weighted samples is between 0 and 127. At the end of a 
second pass through the 104 s interrupt the sum of all of the weighted samples from current and 
previous 104 s interrupt will be between 0 and 254. It is this sum that is provided to the phase 
control input filter. 

[0065] At step 2 18 the processor checks to see if a DALI message is in the process of being sent. 
If so, the processor goes to step 220 where it determines the proper state of the DALI output port. 
At step 224 the processor checks to see if the latest ADC sample is ready. If the sample is not yet 
ready, the processor proceeds to step 222 where it executes one of a sequence of low priority tasks. 
After completing a low priority task it goes back to step 224 to recheck the status of the ADC. As 
long as the ADC is not ready, the processor continues the loop of executing one of a sequence of 
low priority tasks at step 222 and then rechecking the ADC at step 224. Once it is determined that a 
new ADC sample is ready, the processor moves to step 226 where it fetches this new sample and 
saves it as the latest sample of the valley filled voltage signal 42. The processor then sets up and 
starts then next ADC sample. As previously described this next sample may be one of a rotation of 
inputs. In an exemplary embodiment, this sample point alternates between a sample of the lamp 
voltage sense signal 47 and the analog input signal 34c. After starting this conversion, the processor 
proceeds to step 228 where it checks for faults on the DALI port. Next at step 230 the processor 
reads and stores the current state of the DALI input port. It then uses this sample along with 
previous samples to recognize incoming messages. At step 232 the processor checks to see if it is 
time to sample the IR input signal 34d. As previously described, the IR port is not read on every 
pass through the 104 s sample period, but is instead read alternately every 5 th or 6 th time it reaches 
this step. If it is time to sample the input, a sample is taken and saved in memory. At step 236 the 
processor checks to see if the latest ADC sample is ready. If the sample is ready it moves on to step 
238. If the sample is not ready it proceeds to step 234 and the system operates in the same type of 
sequence as described for steps 224 and 222 where low priority tasks are executed between checks 
of the status of the ADC sample. At step 238 the latest ADC sample is fetched and stored in a 
memory location corresponding to the current input in the rotation. The ADC is then setup and 
started to sample the current sense signal 46. The resulting sample will be fetched in step 212 on the 
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next pass through the interrupt service route At step 240 this latest rotation sample fetched in step 
238 is processed and then the processor exits the interrupt service routine at step 242. 

[0066] The multiple-input ballast having a processor therein provides bidirectional communication 
between the ballast and other devices, such as ballasts, other lighting loads, and controllers. This 
allows the ballast to initiate unsolicited transmissions to the other devices. Further, the ballast 
processor via the communications terminal is compatible with existing systems utilizing the DALI 
communications protocol, allowing the ballast to assume the role of master or slave. Also, the 
multiple-input ballast is addressable via the IR, or other, processor input terminal. 

[0067J Although illustrated and described herein with reference to certain specific embodiments, 
the present invention is nevertheless not intended to be limited to the details shown. Rather, various 
modifications may be made in the details within the scope and range of equivalents of the claims 
and without departing from the invention. 
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